Abstract -In the expected climatic change scenario (with increased temperatures and water deficits) related to greenhouse effect phenomena, questions are being raised concerning the migration of the potential range of forest specie (contraction in the south and at lower altitudes, extension towards the north and higher altitudes) and the consequences on silviculture. To answer these questions, information about climatic changes and the ecophysiology of the forest species concerned is required. In this paper the case of circum-Mediterranean firs is examined as they could be in danger in parts of their present range but could also provide valuable solutions for the replacement of other species in more northerly zones with temperate humid climates and that would not be adapted to new climatic conditions. We try to answer these questions using a simplified climatic analysis of the original ranges and knowledge about the ecology and ecophysiology of firs. In the original ranges of these species climatic data is rare and very incomplete. Under these conditions it is impossible to undertake a detailed climatological analysis. Also, taking into account the diversity and heterogeneity of the climatic descriptions made by the various authors, and so as to be able to compare the different firs species, we used an aridity index. By taking a numerical approach, this index allowed us to have a general and comparative view of the climatology of the original fir ranges in relation to drought problems, and also to simulate evolution easily and compare it with the present situations for each species. On the basis of all the different results obtained it seems that, in relation to a possible increase in drought linked to a temperature increase (except no doubt for Abies numidica and A. pinsapo), there is a great risk that the present ranges of circum-Mediterranean firs will decrease in the lowest zones of their range, but also in other zones characterized by southerly aspects and shallow soils. For Abies cephalonica and Abies cilicica, species with early bud burst, there is also the risk of a possible increase in late frost damage in addition to water stress effects. Except for A. nordmanniana and A. bornmulleriana, other species may also be concerned, but to a lesser extent. Regarding the replacement of species, which would become necessary in the case of climatic change, with the exceptions of A. nordmanniana which has already been used and of for A. nebrodensis, these firs could be an alternative to the regression of more hygrophilous species, especially in zones to the north of their present ranges.
INTRODUCTION
In the scenario of expected climatic change (temperature increases and water deficits) related to the greenhouse effect, questions are being raised concerning the migration of the potential area of forest species (reduction in the south and low altitudes, extension towards the north and higher altitudes) together with the consequences on silviculture. To answer these questions, information on climatic evolution and the ecophysiology of the forest species concerned is required [15, 59] .
In this context, certain species are of particular interest because of their silvicultural characteristics. For example, in Europe this is the case for circum-Mediterranean firs. These firs have fairly high productivity and, due to their good soil cover, they have a favourable effect on erosion and forest fire control. In certain parts of their present distribution area they could be in danger because of their ecological and ecophysiological characteristics; but they could also be a valuable solution for the replacement of other species in more northerly zones with humid temperate climates which would no longer be adapted to new climatic conditions. Also in this paper we will try to answer the questions on the basis of our knowledge of the ecology and physiology of these firs using a simplified climatic analysis of the original distribution areas.
CIRCUM-MEDITERRANEAN FIRS
Circum-Mediterranean firs form a group of species that are closely related genetically but occupy disconnected and sometimes limited areas around the Mediterranean. Three groups of species come under this name [16, 17] : -Abies alba Mill. Which, as well as northern provenances, includes provenances in the Mediterranean bioclimate, which were the only ones taken into account in this work, and Abies borisii regis Mattf. from central northern Greece and Macedonia which is considered to be an introgressive population between Abies alba and Abies cephalonica.
Variability in genetic characteristics (bud burst, growth, etc.) within the species was identified during an examination of the different provenances [2, 4, 33, 35, 39-44, 53, 68] .
In their original ranges, circum-Mediterranean firs cover areas of varying size: Abies numidica covers only a few hundred hectares and A. nebrodensis is represented by about 30 individuals [66] (table I) . Some have been introduced 824 G. Aussenac 
General ecology
These firs are fairly well known with respect to the general ecology of their natural ranges, thanks to work by various authors: [3, 6, 7, 18, 24, 27, 28, 30, 31, 45, 55, 57, 60-67, 70, 72-76, 78, 80, 81] . In general, in their natural ranges, apart from A. bornmulleriana which can be found at very low altitudes, these firs grow at altitudes of above 400 m and some at up to 2400 m (figure 1). These zones may suffer from severe summer drought but receive abundant precipitation during the autumn and spring. They can be found on different parent materials, calcareous or non-calcareous, but develop best on deeper acid soils with high water reserves.
Although meteorological data is rare in the geographical areas occupied by these species, it is known that they have very high water consumption and seem to be located mainly in humid or even very humid bioclimates characterized by an annual precipitation of 1000 mm or more. Abies cephalonica and Abies cilicica can develop in a sub-humid climate characterized by a relatively low annual precipitation of between 700 and 800 mm. Except for A. numidica, circum-Mediterranean firs occupy geographical zones with relatively wide mean annual temperature ranges compared with other forest species as shown in figure 2 , notably in the case of A. cephalonica, A. bornmulleriana and A. cilicica.
Natural regeneration of firs is usually easy except at the range boundaries and in certain special situations related to allelopathic phenomena [19, 20] or toxicity. Exposure may be a determining factor in general climatic conditions. Regeneration is normally more abundant below a certain level of cover where micro-climatic conditions are more favorable with respect to water supply and temperature [26, 56] . The risk of late frost damage is reduced to a greater or lesser extent by the presence of cover (shelterbelt, clearing, forest edge) and in some cases by an improvement in the general growth conditions of young firs [11, 46] . Thus a reduction in the evapo-transpiration potential at a local micro level improves the overall water supply conditions, resulting in plants with a good water status, and therefore better photosynthetic activity and better growth than in an open site [15] . In fact, as long as the water supply conditions in the soil are favorable, the seeds of most firs, except for A. cilicica [25] and A. marocana [19] , can develop in zones exposed to strong light conditions [5, 15] . Height growth in firs takes place during a period of 50 to 60 days [30, 31] which is defined as short monocyclic growth ( figure 3 ). On average, species which have the earliest bud burst also have early height growth arrest. With respect to bud burst [30] , three groups can be distinguished schematically: very early bud burst: Abies cephalonica and Abies cilicica; average bud burst: Abies alba, Abies numidica, Abies marocana, and Abies pinsapo; late bud burst: Abies nordmanniana and Abies bornmulleriana. The difference between the earliest and the latest species may be as great as a month, depending on the year.
Circum-Mediterranean firs have low height growth when young (up to 10-15 years old) compared to other fir species, especially American firs and other species such as Cedar (Cedrus sp.) or Douglas fir for example.
Ecophysiology

Drought resistance
Work carried out by different authors: [12, 13, 22, 23, 26, 33, 47, 48, 50-52, 71, 72] , although not covering all species, makes it possible to define the behavior of circum-Mediterranean firs especially in relation to their response to drought. Overall, this research shows that these species are characterized by highly sensitive stomatal regulation in response to water stress and, for certain species, the existence of a very efficient "strategy" for avoiding drought. They also demonstrate the existence of wide variability at the inter-and intra-species level which could be exploited in the field of genetics.
During a severe drought, the water potential of the different species may fall to a greater or lesser extent, depending on more or less efficient stomatal regulation. For example, in figure 4 it can be seen that, during a long period of drought in 1976, the water potential of A. nordmanniana stabilized in the daily and nightly phases at around values of -1.6 MPa, demonstrating the existence of durable equilibrium between transpiration and soil water availability over several days [12] .
The water potential, corresponding to a complete blockage of transpiration losses, exhibits large differences depending on the species (table II) [13] . Overall, circum-Mediterranean 826 G. Aussenac Abies nordmanniana -0.9 -3
Abies marocana -1.4 -2.7
Abies pinsapo -1 -2.8
Abies numidica
Abies cilicica
Abies cephalonica -0.8 -2.4 firs, but A. alba, to a lesser extent exhibit a drought avoidance "strategy" that differs from the tolerance "strategy" observed for Cedrus atlantica and Cedrus libani [14] .
There is an increasing gradient of drought resistance, ranging from A. alba, from French Mediterranean areas (Aude and Eastern Pyrenees) and probably Italian provenances which are probably better adapted to drought, especially atmospheric drought [48, 50, 52] , than northern provenances, through to A. numidica and A. cephalonica which exhibit the best adaptation via a drought avoidance strategy.
Figures 5 and 6 demonstrate the evolution of net photosynthesis and stomatal conductance under soil drought conditions for A. bornmulleriana and A. cephalonica, which become low at predawn water potentials of about -2.0 to -2.2 MPa. Cedrus atlantica, which may occupy identical biotopes behaves very differently (tolerance) and exhibits high photosynthetic activity at much lower predawn water potentials.
Temperature behavior
Besides periods of drought, cold is also a factor that should be taken into account to evaluate the possible changes in conditions affecting firs. In winter, photosynthesis is possible for A. alba [49] and probably for other firs down to temperatures of 0 o C. Warming should thus increase photosynthesis during the winter period and play a positive role in improving growth, especially at high altitudes. Firs resist winter frosts well, and the first signs of frost damage (frost crack) only appear in the most sensitive species (A. pinsapo, A. numidica and A. cephalonica) at temperatures below -15 o C. The other firs are resistant to very low temperatures of about -30 o C.
The resistance level is also a function of the falling temperature conditions in the autumn. In fact, the tolerance of plant tissue to winter cold (hardening) is conditioned by an early, progressive fall in temperature in the autumn. Paradoxically, an increase in temperature in autumn and winter may make some species more sensitive to periods of winter cold. Insufficient hardening combined with a relatively mild climate, but which may involve large, rapid falls in temperature, may result in situations similar to those seen in France in 1985, where serious cold damage was observed in maritime pines in the Landes.
Firs are affected by spring frosts when the buds are in the bud burst phase, and when air temperatures are lower than or equal to 0 o C [9] . Frost damage depends on the degree of advancement of the different species. Fir bud burst is closely correlated with temperature (the sum of daily temperatures) and with respect to climatic change, an increase in temperature, via a positive influence on early bud burst could worsen the risk of late frost damage, especially for species that are already very early. This damage could jeopardize the development of seedlings and young trees, especially in open zones. The earliest species: A. cephalonica and A. cilicica, could be highly affected by these phenomena which worsen the risk of late frost damage. It is also known that sensitivity to spring frosts is the major obstacle to using A. cephalonica in plantations in the low mountains near the Mediterranean in France [37] .
During the summer, in relation with water stress, the increase in temperature can affect the photosynthesis of firs. The effects of such temperature increases are known only for Abies alba [77] .
Growth
For firs, growth in height does not seem to be particularly influenced by climatic conditions in the current year as it finishes very early (mid-July) before the summer drought occurs. Conversely, it is highly dependent on the climatic conditions of the preceding year.
Circumference growth is influenced by current year climatic conditions [11, 69, 79] . It is also known that climatic conditions linked to altitudinal variations influence both circumference growth and wood density [77] . The temperature thresholds for vegetation that regulate growth are only known for A. alba and A. nordmanniana and they are 5.2 o C and 6.2 o C respectively [10] . It is reasonable to consider that the vegetation thresholds of other species would be similar to those above. Height growth is correlated with temperature as shown in figure 7 which shows the relationship that exists between the sums daily degrees and the accumulated growth of A. alba and A. nordmanniana [10] . Taking the short growth period into account, there is probably no temperature limitation on height growth, except in high altitude zones where warming could have a positive effect.
Contrary to cedars (Cedrus sp.) [10] , this type of height growth does not absorb the inter-annual irregularities in rainfall but seems to be adapted to summer droughts and early cold in the context of a climate that does not vary much from year to year. From this point of view, firs do not seem to be particularly well adapted to climatic change characterized by large inter-annual irregularities in rainfall. Conversely, their tap root system allows them to reach water reserves at deep down having accumulated during the winter period. It is also known that, as from the time of seed germination, firs develop a principal root that penetrates rapidly into the soil [14, 36] . This morphogenetic characteristic is the result of successful adaptation that allows seedlings to resist summer droughts, especially in their first year. In actual fact, worsening drought conditions especially in the spring could affect seedling establishment and jeopardize regeneration and, in the long term, the durability of the stands. Sensitivity to water stress is greater in young seedlings than in older plants.
CLIMATIC CHANGES
Simulation of climatic changes
Forecasts of future climatic changes are based on general circulation models of the atmosphere (GCMs). According to these studies, by the middle of the century in 2060, with twice the present CO 2 concentrations, major climatic changes are foreseen in both thermal and hydric terms. For example, in France [32] there should be a mean temperature increase of 2 o C or 3 o C, more marked in the summer and in the south of the country, increased precipitation in the winter but a reduction in the summer, with longer, more severe droughts, that should result in lower water availability in the soil. In the south of Europe and North Africa, the temperature and drought increase will be more considerable. Elsewhere the climate would become much more heterogeneous both intraand inter-annually.
As a consequence of these greenhouse effect phenomena, it should be noted that in addition to the characteristic thermal and hydric climatic modifications, there would be the direct effects of increased CO 2 on the physiological processes of trees. We do not have any information about such effects on firs. In particular, we do not know what the effect of increased CO 2 will be on stomatal regulation and the possible decrease in transpiration observed for other species.
In the natural ranges occupied by circum-Mediterranean firs, climatological data is rare and very incomplete and, under these conditions it is impossible to undertake a detailed climatological study taking into account both intra-and inter-annual variability in temperature and precipitation. Also, due to the diversity and heterogeneity of the climatic descriptions made by the various authors, and to be able to compare different fir species, it seemed interesting to use De Martonne's [29] aridity index: IA = P/T + 10 where P is annual precipitation in mm and T is mean annual temperature in o C. The lower the index value, the greater the degree of drought.
The aridity index was calculated for climatological stations situated in the natural range of the species concerned from the climatic data presented by the different authors: [1, 7, 8, 21, 24, 25, 34, 37, 40, 42, 44, 53-55, 57, 58, 61, 66, 67] .
This very simple annual index, which does not take monthly variations in temperature and precipitation into account, only gives general information on the drought level at the sites considered. Thus it may be considered to be insufficient for use demonstrating the slight differences between Mediterranean bioclimates; in addition, it does not take the soil water reserves into account.
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G. Aussenac However, this numerical approach gives one a general comparative view of the climatology of the natural fir ranges under consideration in relation to drought problems. It also simulates climatic changes easily and, for each species, compares them with the present situation. Figure 8 gives the aridity index (IA0) for the different species where it has been possible to calculate them from the climatic data available. Depending on the species, there are large differences in the range and value of the indices, in relation to the size of the areas and their altitudes. (T + 4 o C and P -150 mm). Figure 9 shows the range of variation in the lowest aridity indices obtained for the different hypotheses and fir species (concerning A. nordmanniana, we found only two aridity index values in the bibliography without climatic data and it was impossible to calculate the variation in aridity indices). A reduction in the indices can be observed in relation to the increase in temperature and the decrease in rainfall.
Variation of aridity index
For A. numidica, A. pinsapo and A. nebrodensis situated at altitudes with very high indices, a temperature increase and a reduction in precipitation would not have a major effect and should not give rise to an increase in water stress that might hinder their existence in their natural range. If we imagine for these species an increase of water stress with for example anIA of 40, with a temperature increase of 4 o C, the calculation indicate that the decrease of rainfall reach respectively 53%, 42% and 31%.
It is also possible that A. numidica of which the resistance to drought is known from ecophysiological work [13] , could develop under conditions that are drier than those of its present range.
For the other drought avoiding species, already in zones characterized by an index, of below 45, this modification could lead to an increase in the duration and degree of water stress, which might result in the disappearance of trees and With respect to A. alba, different research results [74] show that below an aridity index of 45, this species cannot survive except in particular situations where soils have large water reserves or a northerly aspect. Table III indicates the rainfall increase necessary to maintain the aridity index at its present lowest level, for a 2 o C, 3 o C and 4 o C temperature increase. The increase in rainfall is necessary for all species with the exception of A. nebrodensis, A. numidica and A. pinsapo. This result is in addition to our knowledge about the ecophysiology of forest trees, i.e. in the case of a hypothetical moderate temperature increase, the species considered would not be greatly disrupted, if the rainfall increases enough. In effect, in France it is regularly observed that northern species can grow successfully in southerly regions as long as the water supply (especially soil water reserves) is large enough in relation to evapotranspiration.
These results and our knowledge of the ecophysiology of circum-Mediterranean firs suggest that those parts of their areas already presenting a low aridity index, especially at low altitudes, could be affected by decline if there should be an increase in temperature without a sufficient increase in rainfall.
CONCLUSION
In general, it is possible to state that circum-Mediterranean firs are highly water demanding but are characterized by the existence of physiological functions that allow them to avoid drought: the occurrence of annual growth before the summer drought period, and high sensitivity of stomatal regulation to drought. All these points differ from cedar trees, which have developed physiological mechanisms that increase their tolerance to water stress. However, differences exist between the different species of circum-Mediterranean fir.
On the basis of all the different results obtained, and taking ecological and ecophysiological characteristics into account, it seems (table IV) that a possible increase in temperature without an increase in rainfall, would generate a high risk that the present areas of circum-Mediterranean will decrease for all fir species considered (with the exception no doubt of A. numidica and A. pinsapo) in the lowest zones of their ranges but also in other zones with a southerly aspect and very superficial soils.
For A. cephalonica and A. cilicica, species with early bud burst, there is also an increased risk of damage by late frosts in addition to the effects of water stress. With the exception of 830 G. Aussenac A. nordmanniana and A. bornmulleriana, the other species may be affected as well, but to a lesser degree.
With respect to natural regeneration phenomena in firs, it is difficult to estimate the effect of climate change bearing in mind the uncertainty about the real evolution of climatic parameters and also the complexity of the phenomena involved: flower induction, fertilization, fruiting, seed dispersal, germination and seedling establishment. All these stages may be affected in more or less contradictory ways. In addition, it should be noted that little work has been carried out in these fields, which are nevertheless essential in the understanding of stand evolution processes. Lastly, the possible evolution of natural or potential pests is also unknown.
For the replacement of species, which would become necessary as a result of climatic change, it can be stated that apart from A. nordmanniana which has already been used, these firs (except for A. nebrodensis, due to the small number of trees) could constitute an alternative to the regression of more water demanding species, especially in the more northerly zones than their present ranges. According to this hypothesis the provenances best adapted to drought should be chosen and for the species concerned, the provenances with late bud burst should be favored.
